Rice straw was separated into four parts: the upper, middle, and lower parts of the stem, and the leaf. They were treated with subcritical water at 140 to 260 C. The yield, carbohydrate, protein, and phenolic contents were obtained as well as the UV-Vis absorption spectra and the radical scavenging activity of the extracts. The extracts obtained from the stem parts had almost the same characteristics and were different from those of the leaf part. The extracts, prepared at higher temperature, exhibited higher radical scavenging ability. The radical scavenging ability and the phenolic content showed a correlation (R 2 ¼ 0:92), suggesting that the phenolic substances in the extract cause its antioxidant ability.
Due to the growth of the world human population, rice production is set to increase in the future. The production of rice generates 1,000,000 dry tons of agriculture residues, mainly straw. Rice straw is regarded preliminarily as waste and is subject to burning or incorporation into the soil. These two methods of rice straw disposal cause undesirable effects on public health and environmental pollution. 2, 3) Hence, other applications of rice straw should be investigated. Several studies have shown that rice straw contains many promising substances, 3, 4) including cellulose, hemicelluloses, and lignin. Cellulose and lignin are poorly soluble in water, due to hydrogen bonds between polysaccharide molecules and covalent bonds in the cell wall structure respectively. 5) Subcritical water is water that maintains its liquid state in a temperature range of 100 to 374 C under pressure. The ability of subcritical water to dissolve hydrophobic substances is amplified by rises in temperature due to decreases in the dielectric constant. With increasing temperature to 250 C, the relative dielectric constant of water decreases from approximately 80 to 27, which is almost equal to that of ethanol or acetone at room temperature. 6) Furthermore, the ion product in subcritical water is more than 1 Â 10 3 fold greater than that of water at room temperature. 7, 8) Based on these features, subcritical water treatment is expected to liberate oligo-and monosaccharides from the carbohydrate framework and to liberate or extract hydrophobic substances from lignin through hydrolysis and decomposition. 9) This study was directed towards the temperature effect of subcritical water treatment on the properties of rice straw extract from different parts of the straw. The upper part of the stem was node I and internode I of the stem, the middle part was node II and internode II, and the lower part was node III and internode III. Though the constitution of the stem parts is the same, the contents of the different parts are varied. 10) Hence, the properties of rice straw extract obtained from different parts were examined. Yield, carbohydrate content, protein content, phenolic content, radical scavenging activity, and absorption spectra were chosen as the properties to be considered in characterizing the rice straw extract.
Materials and Methods
Materials. A rice straw sample was obtained from rice (Oryza sativa) cultivated in Hyogo Prefecture, Japan. It was dried under the sun and kept at 4 C in a storage room. They were cut into 1-cm long pieces. L-Ascorbic acid (purity > 99:5%) was purchased from Nacalai Tesque (Kyoto, Japan). Folin and Ciocalteu's phenol reagent was from ICN Biochemicals (Aurora, OH). Gallic acid was from Sigma-Aldrich Japan (Tokyo). 1,1-Diphenyl-2-picrylhydrazyl (DPPH), crystalized bovine serum albumin (BSA, 99% purity), and all other chemicals of reagent grade were from Wako Pure Chemical Industries (Osaka, Japan). Distilled water was used in all the experiments.
Subcritical water extraction. The experiments were conducted in a 117-mL SUS-316 stainless steel vessel (i.d. 30 mm, height 165.5 mm) assembled by Taiatsu Techno (Osaka, Japan). A 5-g sample of rice straw and 55 mL of water were inserted into the vessel. With a mantle heater, the tightly closed vessel was heated to temperatures ranging from 140 to 260 C. The internal vessel temperature during the treatments was measured with a thermocouple inserted into a tube installed in the vessel. Exclusive of heat-up time, the desired temperature was maintained for 5 min. After treatment, the vessel was cooled immediately to room temperature in an ice bath. The straw extracts were clarified by vacuum filtration through Advantec filter paper (no. 2, diameter 110 mm, Toyo Roshi, Tokyo). The straw extracts were kept in a refrigerator at 4 C until analyzed.
Ash content. One g of cut rice straw was placed in a porcelain crucible and burned with a Bunsen burner until free of carbon. The white ash obtained was weighed to calculate the percentage of ash in the rice straw.
11)
Yield of extract. A 15-mL portion of the liquid straw extract was lyophilized using an Eyela FDU-1200 freeze-dryer (Tokyo Rikakikai, Tokyo). The lyophilized extracts were placed in a hot-air oven (DN 400, Yamato Scientific, Tokyo) at 105 C for 3 h to ensure dryness. The yield of extract was calculated by dividing the weight of the dry solid extract by that of the dry rice straw.
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Total carbohydrate content. The carbohydrate content of the rice straw extract was measured by a modification of the phenol-sulfuric acid method.
12) A 25-mL aliquot of an 80% (w/w) aqueous phenol solution and 2.5 mL of sulfuric acid were added to 1 mL of diluted extract or glucose standard solutions, and then this was mixed well. The mixture was placed at ambient temperature for 10 min and then placed in the 25 C water bath for further 10 min. The total carbohydrate content was measured using a UV-1200 spectrophotometer (Shimadzu, Kyoto, Japan) at 490 nm.
Total protein content. Total protein content was determined by the Lowry Folin method. 13) A standard curve was prepared using BSA solution. All the straw extracts and the protein standard were measured using the spectrophotometer at 500 nm.
Total phenolic content. The diluted straw extract (100 mL) was mixed with freshly prepared Folin-Ciocalteu reagent (400 mL) and 75 g/L of sodium carbonate (1 mL) to measure the total phenolic content of the straw extract. 14, 15) After filling to 5 mL with distilled water, the mixture was kept in the dark at ambient temperature for 2 h to complete the reaction, and the absorbance at 765 nm was measured. Gallic acid was used as standard, and the total phenolic content was expressed as gallic acid equivalent (mg of gallic acid/g of straw).
Radical-scavenging activity. A 4-mL aliquot of diluted rice straw extract or L-ascorbic acid (VC) standard was added to a 1-mL aliquot of 0.5 mmol/L DPPH in ethanol. The mixture was agitated well and kept in the dark for 20 min at ambient temperature. The remaining radical quantity was then estimated by measuring absorbance at 516 nm. Radical scavenging activity as a percentage was calculated as follows: 16) Radical scavenging activity
where A is the initial absorbance of the blank (a 4-mL aliquot of 50% v/v aqueous ethanol), B is the absorbance at 20 min of the mixture of diluted extract or VC solution and DPPH solution, and C is the absorbance of the diluted extract without the DPPH solution. The radical scavenging activity of a straw extract was described as the amount of extract necessary to reduce the initial DPPH concentration by 50%, and was expressed in mmol VC equivalent/g of straw.
Absorption spectra. The straw extracts were diluted with distilled water to attain an absorbance of less than unity for both UV and visible measurements. The absorbance of the extracts was then determined at 200 to 400 nm. 
Results and Discussion
Effects of temperature on the properties of the extract Because of decomposition of the cell-wall structure due to thermal treatment, subcritical water dissolved the substances embedded within the cell walls of the rice straw. The yield from the stem parts increased with increasing temperature until it reached maximum at 200 C, and then sharply decreased at higher temperatures (Fig. 1) . The yield from the leaf part also showed the same trend, but with a gradual decrease after the maximum. The higher yield for the stem parts suggests that the rice straw stem contained more soluble substances than the leaf.
The carbohydrate content of the extracts also increased up to a treatment temperature of 200 C, and decreased sharply at temperatures higher than 200 C. This decrease can be explained by degradation of products at high temperatures. 7) The protein content of extracts was very low. This corresponds to the fact that rice straw itself contains low protein. 17) The yield and the carbohydrate and protein contents of the extracts from the stem did not depend on the stem part, and they were different from those of the extract from the leaf, which showed lower values for all the attributes (p < 0:05). The leaf part of the rice straw showed approximately a 2-fold higher value for ash content ( Table 1 ). The high ash content represents compensation in percentage for the lower carbohydrate and protein contents.
UV-Vis absorption spectra UV-Vis spectra were obtained for the extracts treated at various temperatures (Fig. 2) . The spectra of the extracts were divided into three groups for expedience according to the treatment temperature: low (140-180 C), moderate (200 C), and high (220-260 C). The spectral profiles within a given group showed little difference, and hence the spectral profiles of the extracts obtained at temperatures which gave the highest absorbance, 180, 200, and 240 C, were chosen to represent each group. The extracts prepared at low temperature and those at moderate temperature showed absorption maxima at about 280 nm and a small shoulder at about 220 nm, while the extracts obtained at high temperature showed maxima at about 280 nm and a shoulder at about 220 nm. The similarity in the UV-Vis spectra within each group suggests that their constituents are probably identical substances, although the concentrations were different. Maximum absorption at about 220 nm might indicate the presence of carboxyl and carbonyl groups. 18, 19) The absorption maximum around 280 nm probably indicates various phenolic substances originating from lignin and protein. 20, 21) Figure 3 shows the ratio of the absorbance at 280 nm to that at 220 nm for extracts obtained at different temperatures. At temperatures from 140 to 180 C, the ratios were found to show less variation and were below 1. This suggests that the extracts at low temperatures contained smaller amounts of phenolic substances. The ratios rose at up to 240 C, and then dropped at 260 C. This drop in the absorbance ratio must have been due to the following: thermal degradation of phenolic substances at high temperature, which led to a decrease in absorbance at 280 nm, and an increase in carbonyl products; hence the higher absorbance at 220 nm.
Phenolic content and radical-scavenging activity
The phenolic contents of the extracts were measured because the UV-Vis spectra suggested the presence of phenolic substances. The phenolic content of the extracts increased with increasing treatment temperature, and a drastic increase was observed when the treatment temperature exceeded 180 C (Fig. 4a) , because most of the phenolic substances in rice straw are bound to each other as lignin, forming the structure of the cell walls of rice straw. [22] [23] [24] Deformation of the straw cell walls at high temperatures might have been the reason for the increase in phenolic content. The sharp increase in phenolic content at over 200 C suggests decomposition of the cell walls due to the thermal treatment. The phenolic contents of the extracts of all the stem parts had the same characteristics, but were different from those of the leaf (p < 0:05). Figure 4b shows the effects of treatment temperature on the DPPH radical scavenging activity. Statistical analysis revealed that the stem and leaf parts of the straw showed different DPPH radical scavenging activities, and that this ability of the extract depended on the treatment temperature (p < 0:05). The DPPH radical scavenging activity of the extract increased gradually with increased treatment temperature. Several studies have shown that the DPPH radical scavenging activity is ascribable to phenolic substances in the extracts. 9, 22, 25) The plot between DPPH scavenging activity and phenolic content indicated a strong positive correlation of 0.92 (Fig. 5) . The plot also indicated that there was no difference between the stem and leaf parts as to the relationship of DPPH scavenging activity and phenolic content. Hence it is suggested that phenolic substances are also major compounds responsible for the antioxidant ability of rice straw extract.
Conclusions
The extracts obtained from the stem parts of the rice straw showed no significant difference in yield or in carbohydrate, protein, or phenolic contents (p < 0:05). However, the extracts obtained from the leaf part displayed lower values for all these features. The rice straw exhibited radical-scavenging potential. The extracts treated at high temperature showed higher radicalscavenging ability. 
